ABSTRACT: This paper focuses on the evaluation of regional climate model simulation for Turkey for the 21st century. A regional climate model, ICTP-RegCM3, with 20 km horizontal resolution, is used to downscale the reference and future climate scenario (IPCC-A2) simulations. Characteristics of droughts as well as the crop growth and yields of first-and second-crop corn are then calculated and simulated based on the data produced. The model projects an increase in air temperature of 5 to 7°C during the summer season over the west and an increase of 3.5°C for the winter season for the eastern part of the country. Precipitation is predicted to be 40% less in the southwest, although it may increase by 25% in the eastern part of the Black Sea region and northeastern Turkey. Trends in drought intensity and crop growth are related to climate changes. The results suggest more frequent, intense and long-lasting droughts in the country particularly along the western and southern coasts under future climate conditions. A shift of climate classes towards drier conditions is also projected for the western, southern and central regions during the 21st century. Evaluating the role of the climate change trends in crop production reveals significant decreases in yield and shortened growth seasons for first-and second-crop corn, a likely result of high temperatures and water stresses. In addition to rising temperatures and declining precipitation, increasing frequency, severity and duration of drought events may significantly affect food production and socio-economic conditions in Turkey. Our results may help policy makers and relevant sectors to implement appropriate and timely measures to cope with climate-changeinduced droughts and their effects in the future. (Oral 2008) . Cereals, mainly wheat, barley and corn, are grown under both rain-fed and irrigated conditions throughout the country. Irrigated agriculture consumes 75% of total freshwater withdrawals with a notably low efficiency (Topcu 2011). Owing to either less rainfall in winter or spring or irrigation deficits in summer, climate change-induced water shortages can diminish plant growth and harm yields of rain-fed and irrigated crop production.
INTRODUCTION
Turkey has experienced a notable rise in temperature and decrease in precipitation during the last few decades, as well an increase in minimum temperatures in winter and minimum and maximum temperatures in spring and summer (e.g. Türkeş & Sümer 2004) . Drought has become a recurring phenomenon in Turkey and semi-humid (semi-dry) drought classes have shifted to semi-dry (dry) conditions in the Aegean, Mediterranean and Central Anatolia regions (Türkeş 2003) . As a consequence of drier conditions in recent decades, annual minimum, maximum and mean stream flows of Turkish rivers show significant decreasing trends for most basins, particularly in the western part of Turkey (Kahya & Kalayci 2004 , Topaloglu 2006 . Since surface water and groundwater resources are limited in the Aegean, Thracian and Central regions, there is intense competition for water between sectors, particularly in western regions. Concomitant indications of increasing water demand have been noted in the central Anatolia ) and southeastern Anatolia (Tonkaz 2008) regions of Turkey.
Less rain and more droughts can bring crop failure and economic losses. Occurring in tandem with significant drought events, water shortages for all water-using sectors have reached their critical points, and up to 100% yield losses have also been reported in Turkey (e.g. Türkeş & Erlat 2005) . The cost of drought to the Turkish agricultural sector in a recent drought year, 2007, was estimated at about €2.3−2.5 billion (Oral 2008) . Cereals, mainly wheat, barley and corn, are grown under both rain-fed and irrigated conditions throughout the country. Irrigated agriculture consumes 75% of total freshwater withdrawals with a notably low efficiency (Topcu 2011) . Owing to either less rainfall in winter or spring or irrigation deficits in summer, climate change-induced water shortages can diminish plant growth and harm yields of rain-fed and irrigated crop production.
Development of appropriate adaptation strategies to address climate change is typically based on the results of projections of future climate conditions including those associated with extreme events, which allows evaluations of the effects of climate change on water availability and agricultural productivity in a particular country to be performed. Climate change simulation efforts using regional climate models in Turkey date back only a few years and are very rare (Önol 2007 , Demir et al. 2008 , Topcu et al. 2008 , Önol & Semazzi 2009 , Sen 2009 ). Turkish researchers most frequently use the regional climate model International Centre for Theoretical Physics (ICTP)-RegCM. Depending on the selected general circulation models (GCMs) for boundary conditions and scenarios considered, the simulation results of these studies show temperature increases of 2.5 to 4.5°C throughout the country by the year 2100; the highest temperature increases are projected for the Aegean and eastern Anatolian regions (Önol 2007 (Önol , Demir et al. 2008 . A projected decline in winter precipitation by about 20 to 50% (Önol 2007 (Önol , Demir et al. 2008 in important agricultural regions, such as the Aegean, Mediterranean and southeastern Anatolian regions, may worsen the Turkey's climatic as well as socio-economic conditions. Recent studies (e.g. Tezcan et al. 2007 ) also indicate substantial decreases in both surface water and groundwater resources in southern Turkey.
Droughts and floods are among the world's costliest natural disasters, affecting a very large number of people each year (Wilhite 2000) , and are expected to occur more often under global warming ; it is therefore important to monitor them and predict their variability. Only a few studies deal with the probability of drought occurrence in Turkey (i.e. Türkeş 1999 , Türkeş & Tatli 2009 ); these assessments were made by using probability tests with historical drought statistics. Thus, the climate change projections, particularly those performed with highresolution climate models, have not yet been used for future drought investigations. Effects of climate change on crop productivity can be projected by using crop simulation models run with a control (reference) and a projected future climate (e.g. Rosenzweig & Parry 1994 , Wolf & Van Diepen 1995 , Easterling et al. 2007 ). Also, a very limited number of studies have dealt with the effects of climate change on crop water requirement (Topcu et al. 2008 ) and crop yield (Sen 2009 ) in Turkey. Hence, the objectives of this study are to (1) investigate the potential role of global warming on the future climate over Turkey, (2) analyse the historical and predicted droughts with regard to their spatial and temporal dimensions as well as potential intensity, frequency and duration, respectively, and finally (3) assess the potential effect of predicted changes in climate on first-and second-crop corn grown throughout the country by using a case study in a typical agricultural region in Turkey.
DATA AND METHODS

Climate simulations
The ICTP's Regional Climate Model system version 3 (RegCM3) (Pal et al. 2007 ) has been used to downscale reference (1961 ( −1990 and future (2071− 2100, A2) scenario simulations. RegCM3 was run at 20 km horizontal resolution and with 18 levels in the vertical. The atmospheric component of the model is coupled with the Biosphere−Atmosphere Transfer Scheme (BATS; Dickinson et al. 1993) . RegCM3 uses the sub-grid explicit moisture scheme SUBEX (Pal et al. 2000) for large-scale precipitation, and the Grell (1993) convective scheme with the Arakawa & Schubert (1974) closure formulation has been adapted. The National Aeronautics and Space Agency (NASA), National Center for Atmospheric Re search (NCAR) finite-volume element global model fvGCM with a horizontal grid interval of 1° latitude and 1.25°l ongitude and 18 vertical levels was used as driving data to produce the lateral boundary and initial conditions for the RF and A2 RegCM3 simulations (Jones et al. 2001 , Coppola & Giorgi 2005 . The A2 scenario de scribes a highly heterogeneous world with a continuously increasing global population and regionally oriented economic growth (Nakicenovic et al. 2000) . The observed climate data set from the Climate Research Unit (CRU), with a grid resolution of 0.5° × 0.5°, was compared with the RegCM3-RF simulations to validate the model.
Drought analysis
The Standardized Precipitation Index (SPI), the Percent of Normal Index (PNI) for precipitation and Erinç's Aridity Index (Im) for a 12 mo time scale were used to assess the drought characteristics for 51 cities representing different geographical features and precipitation regimes (Türkeş 1998) in Turkey ( Fig. 1 ; city/station abbreviations given in Table 1 ). The time series of simulated monthly precipitation and average maximum temperatures of RF and A2 periods were acquired from the nearest grid point of each city and used for the calculation of 3 different drought indices. In addition to basic verification of the RegCM3 with regard to capturing capability for the climate variables (e.g. precipitation and maximum temperature), which were also used in the calculation of drought indices, we carried out another verification study for drought indices. For this purpose, the climate simulation results of RegCM3 driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) 40 yr reanalysis (ERA-40) were used for calculation of 3 drought indices. Those were compared with the observed station (cities) data for the period from 1961 to 1990.
The SPI is a probability index that measures drought based on the degree to which precipitation on a given time scale (12 mo for the present study) and geographic area (e.g. county, watershed) diverges from the historical median (McKee et al. 1993 (McKee et al. , 1995 . It is calculated as follows:
where X i is the precipitation, ⎯X is the arithmetic mean and σ is the SD of the series. Generally, precipitation series are not normally distributed. Therefore, the monthly time series of precipitations for a 30 yr period (i.e. 1961−1990) are fitted with a gamma probability density function to a given frequency distribution of precipitation totals for a grid point. The gamma probability density function parameters are estimated for the grid points nearest to each city, both for 12 mo and for each month of the year. We performed SPI analysis by fol- lowing the procedure and steps described in detail by Guttman (1999) and Strzepek et al. (2010) and using software developed by Türkeş & Tatli (2009) . Because the SPI is normalized, wetter and drier climates can be represented the same way, and wet periods can be monitored with the SPI. The period with a negative SPI value (indicates less than median precipitation) is defined as 'dry'; the month the index value drops to negative is considered the start of a drought and the month the index increases to positive values signals the end of a drought (McKee et al. 1995) . The index values and accordingly the drought classes for the SPI are shown in Table 2 . The PNI is one of the simplest measurements of rainfall for a location and is obtained as a percentage by dividing the amount of precipitation for a specific (12 mo) period by the average. Normal precipitation for a specific location is considered to be 100%. The PNI is calculated as follows: (2) where Pi is the actual amount (mm) of precipitation and P is the amount of the long-term average (mm). Index values and drought classes for the PNI are listed in Table 3 . A period is considered 'dry' if a PNI value is continuously below the threshold value. The first value below the threshold is taken as the 'start of a drought' and the first value above the threshold thereafter is considered the 'end of a drought' (Hayes 1998) .
The drought occurrences (percentage of time) for 51 cities have been identified based on the frequency of the events for each drought category by using the SPI and the PNI results. Drought risk and effects are dependent on a combination of the frequency, intensity, time scale and spatial extent of drought, which also define the physical nature of droughts. Since the drought analyses were assessed for the selected points in our case cities, and also because the time scale was unique and constant (12 mo), a drought effect can be determined as a function of the intensity and the frequency of drought events. Accordingly, we developed an indicator called the total drought effect (TDE), formulated as Eq. (3) below, to facilitate a meaningful comparison of the modeled drought events by using the SPI and PNI indices from the RF and A2 periods. The consecutive effect of droughts has not been in cluded in this approach; however, it is assumed the effect of frequency on drought risk is stronger than that of intensity. The TDE is calculated as follows: 
where Di is the drought intensity and Df is the drought frequency. TDE indicators are calculated for each city for both (RF and A2) periods, whereupon a positive difference between A2 and RF values is interpreted as an increase of drought risk and effect in the future. Erinç's Aridity (Precipitation Efficiency) Index (Im) is based on precipitation and maximum temperature, which causes water deficiency due to evaporation, and is determined from the following equation: (4) where P and T max equal long-term averages of an nual precipitation total (mm) and annual maximum temperature (°C), respectively. Erinç (1965) divided his index into 6 major classes by comparing results of the index with spatial distribution of vegetation formations over Turkey, as given in Table 4 .
Simulation of crop yield
We carried out a case study in the Cukurova District to assess the possible effects of climate change on plant growth and yield for first-and second-crop corn. Cukurova, located in the east Mediterranean region ( Fig. 1) , provides half the country's corn production, and its agricultural production is vulnerable to climatic change. We used the World Food Studies Crop Model, WOFOST (Boo gaard et al. 1998), a 1-dimensional, mechanistic and site-specific crop mo del that simulates daily interactions with climate, soil and management, to determine growth, development and yield of corn crops. The model was de signed to simulate 3 production levels. The potential yield production level is limited only by temperature, solar radiation and the specific physiological plant characteristics. At the water-limited production level (for either rain-fed or water shortage for irrigation conditions), the soil and plant water balance is also in cluded in the simulation of crop growth, which takes into account the interactions between transpiration, stomata opening, CO 2 assimilation and water up take. The third production level is limited by nutrients.
Representative points mainly reflect differences in climate, topography and soil properties across the Cukurova Region. Weather input data used are daily rainfall, minimum and maximum temperatures, wind speed, global radiation and air humidity. Information about site-specific soil input parameters such as the pF curve (soil water retention), hydraulic conductivity at saturation, initial contents of total nitrogen, phosphorus and potassium and soil-limited rooting depth as well as management conditions such as sowing date, plant density, irrigation and fertilization management (i.e. method, amount, date) are taken from previous field and survey studies. Crop parameters used are weight of seed, temperature sums, photo period response and yield components of corn varieties that are widely used in the region. The crop model was first calibrated and then validated. A sensitivity analysis was also performed to reveal the role of different parameters and ensure the calibration quality.
Crop-modeling simulation experiments were performed for the RF, and Reg CM3 A2 scenarios with (water-limited production level) and without (potential production level) the physiological effects of water deficit. State Hydraulic Works, the authority responsible for land and water resources development in Turkey, estimates a decrease of up to 30% of available water in Cukurova after 2030. Additionally, by considering the projected increasing effect of temperatures on evaporation and declining precipitation and increasing competition between water user sectors, we assumed a reduction by about 40% in water resource availability for the Cukurova District for the A2 period. Therefore, in addition to simulations representing potential yield production conditions, we applied different deficit irrigation scenarios by changing the number and interval as well as start and cut-off dates of irrigation to simulate the effects of climate change on both agricultural and hydrological drought-related water shortages (water-limited level). The difference in yield between the potential and water-limited levels has been interpreted as the effect of limited water availability on agriculture and changes in yield (stated as percentage), which is evaluated by comparing future crop yields to current yields (simulated for the RF period). 
Current and future climate: verification versus observations and projections
The RegCM3 was able to successfully capture the mean temperature distribution throughout the year (Fig. 2) , although a cold bias of up to 2°C was noted over the mountainous areas. Maximum surface temperatures produced in the experiment are also in reasonable agreement with the observed climatology for winter and spring months (data not shown). However despite the well-captured distribution pattern, the temperatures are somewhat overestimated by about 2 to 4°C in northern and eastern parts of the country, in particular, for the summer months over Turkey (data not shown). Annual mean of maxima exhibited a warm bias of up to 2°C around the coastline in the Aegean, Mediterranean and Thracian regions, as well as in the southern part of southeast Anatolian region (Fig. 2) . With regard to annual precipitation series the model results agree well with the CRU observations (Fig. 3) . According to country averages of seasonal and annual means of the 30 yr (1961− 1990) period, the differences between the simulated (RegCM3) and observed (CRU) climate parameters (Table 5) are lower during the spring and autumn than during the summer and winter seasons; annual totals as a country average was reasonably well represented by the model. Climate change trends in maximum temperature and annual total precipitation used for the calculation of drought indices are presented in Figs. 4 & 5, respectively. The changes refer to the difference between 30 yr means in the A2 scenario and RF simulations. The experiment simulates an increase in an nual mean temperatures by between 2.7 and 3.5°C over Turkey (data not shown), while expected changes show great seasonal variation. The Eastern Anatolia region, the eastern Black Sea and the northern portion of the Southeastern Anatolia region will probably experience warmer summers (3.4 to 3.5°C); however, an increase in summer temperatures by about 5.1°C over the Aegean region indicates heat waves. Annual maximum and minimum temperatures are expected to increase, although the in creases are obvious in western Turkey in summer and eastern Turkey in the winter season. Our climate projections indicate increases of minimum temperatures by about 3°C for the entire country (data not shown), while maximum temperatures are expected to rise annually by 3.1°C in the north and west of Turkey and by 3.5°C in the east and south (Fig. 4) .
A notable decrease in precipitation (150 to 300 mm) is simulated in winter around the southern coastal region of Turkey, particularly across the eastern Mediterranean Sea; however, almost no change (a slight decrease partially in the northern and eastern parts of the country) is expected for summer precipitation (data not shown). Notably, an area of considerable precipitation decrease extends into the Cukurova District, but is blocked by the Taurus Mountains to the north. The experimental results project precipitation decreases of around 25% in winter in the Aegean, Medi terranean and southeastern regions, and to vary between 60 and 150 mm (about 20% of total) annually in the Marmara, Aegean, Mediterranean and southeastern Anatolian regions (Fig. 5) . Projected increases in annual total precipitation are predicted to reach up to 400 mm (25%) over the eastern part of the Black Sea and northern part of the eastern Anatolia regions. 
Characteristics of droughts
Both drought indices, the SPI and PNI, calculated by using simulation results of RegCM3 driven by the ECMWF 40 yr reanalysis data (RegCM3-ERA40), showed reasonably good agreement in terms of severity and time of the drought events with the observation data at both station (data not shown) and country (Fig. 6) scales. Although the fvGCM driven simulation is not expected to reproduce the actual sequence of the drought indices, we present 2 separate, additional panels (Fig. 6) to examine whether the interannual variability of the indices (an important drought characteristic) resembles the ob served conditions. As shown in Fig. 6 , the interannual variability was captured surprisingly well by the Reg -CM3 driven with fvGCM for both indices (SPI and PNI) despite the limitations associated with the nature of the input data. Im values, calculated based on simulation results of the RegCM3-ERA40, also agreed with those calculated from the observed climate parameters at stations in central, northern and eastern Anatolia as well as at the country level during 1961 to 1990 (Table 6 ; each city in the table represents a region shown in Fig. 1 ). The Im values based on simulated and observed climate data differ from each other for Burdur, Istanbul and Kastamonu where more humid climate conditions were estimated compared with the observations. This deviation may be related to an underestimation of maximum temperatures for these 3 cities (data not presented). The Im calculation according to RegCM3-ERA40 simulated data for Mardin, however, resulted in a drier climate (desert-like steppe, 2) compared with the calculated index based on observations (dry forest, 4) ( Table 6) .
Results of SPI calculations indicated a doubling or even tripling of the frequency of drought events in cities such as Edirne (EDR), Canakkale (CAN), Izmir (IZM), Mugla (MUG), Burdur (BRD), Fethiye (FTH), Silifke (SLF), Adana (ADN) and Kilis (KLS) (cities listed according to their location in Fig. 1 , from the northwest through the west and southwest to the southeast). With re spect to the PNI results, we can ex pand the above list with 3 more cities: Salihli (SLH) in the Aegean, Malatya (MLT) in eastern Anatolia and Urfa (URF) in southeastern Anatolia. In fact, out of the total set of 51 cities, in creases in drought frequency were de tected in 33 and 34 of them, based on results obtained by SPI and PNI, respectively. The drought occurrence shown in Figs. 7 to 9 refers to the ratio between number of drought events (frequency) and the whole period (30 yr) considered for each drought severity class. Out of 51 cities, 27 of them, including those over large parts of the Aegean, Mediterranean and central, eastern and southeastern Anatolia regions, are expected to face climate conditions with more frequent events of 'moderate drought'. Occurrences of 'extreme drought' conditions are also projected to increase in 12 cities, mostly located in Aegean and Mediterranean regions of Turkey. Drastic increases in 'severe drought' conditions are simulated to occur especially in the coastal areas of western and southwestern Turkey. Results of PNI calculations (Fig. 9 ) demonstrate similar climate change trends. Considering all 3 drought severity categories (moderate, se vere and extreme) together, both drought indices (SPI and PNI) indicate substantial increases in the incidence of drought over the entire Aegean and southeastern Anatolia regions and western and central parts of the Mediterranean region during almost half of the A2 period modelled. In the simulation results, under the future climate conditions southeastern Anatolia will receive less rainfall Table 1 compared with the other regions in the country; consequently the values of both drought indices indicated that under the simulated future climate conditions, moderate droughts will occur more often in the region. According to the results of simulation of the future climate conditions over Turkey, as shown in Figs. 7 & 9, the country will experience worsened drought conditions in several stations of this region due to increases in the number and severity of droughts and decreases in wet conditions (with regard to both severity and number of oc currence). The climate change projection also indicates a higher occurrence of moderate and severe droughts in half of the eastern Anatolia region during 2071− 2100 versus 1961− 1990. Based on SPI data, we conclude that the wet conditions currently observed over some parts of the country are unlikely to occur in the future in most cities of the Mediterranean and Aegean regions (Fig. 7) . Nevertheless 10 cities, mostly located in the Black Sea and eastern Anatolia re gions, may experience wetter conditions in the future compared with the RF period. Our SPI experimental results (Fig. 8 Table 1 climate change values was calculated and is presented in Fig. 10 for each city. In this analysis we use 3 levels of TDE consistent with SPI and PNI classes: moderate (TDE < 50), severe (TDE 50−100) and extreme (TDE > 100). As shown on both maps (Fig. 10) , the Black Sea region becomes predominantly wet based on PNI results, although the predicted magnitude of change seems to be lower based on SPI simulations. According to our predictions, the drought ef fects will be strongest in the Aegean and Medi terra nean regions, however, and have a considerable northward expansion. Erinç's Im perfectly depicts similar climatic conditions with the other 2 drought indices. The trends projected indicate an expansion of the 'arid' areas, particularly in the Southeast Anatolia, as well as a shift in the climate class from 'semi-humid' towards 'semi-arid' in the cities including Adana, Elazig (ELZ), Hatay (ANT), Karaman (KRM), Kars, Kayseri (KAY), Kilis, Mugla and Yozgat (YOZ). A significant transition from 'humid' towards 'semi-humid' is also simulated for the Aegean (Izmir), Marmara ( Table 1 perature predicted (Fig. 4) 
Effect on crop yield
After performing a sensitivity analysis testing 11 variables, the parameters emerging as most relevant were iteratively modified for the best possible calibration of the WOFOST model. We used observations with regard to climate, soil and plant genetic information as well as crop management from previous field trials carried out in 4 different locations across the Cukurova region in the years 1991, 1993, 2004 and 2005 for calibration. The calibrated model was validated by using another set of data gathered from field experiments conducted in the years 1992, 1994, 1996 and 2005 . One example from the Adana ex perimental station for first-crop corn is presented here to illustrate the agreement between the simulated and observed Leaf Area Index (LAI) and biomass. The slight systematic overestimation of LAI by the WOFOST model was detected only for this location; however, the crop biomass was captured by the model better compared with LAI. For secondcrop corn (data not shown), the model simulated the LAI with an underestimation of about 3%, whereas the simulated biomass was 6% higher than the observed biomass (Fig. 12 ). The crop model predicted the grain yields of first-and second-crop corn with only 3−6% and 4−9% negative biases, respectively. Calibration and validation experiments generally showed a good fit for LAI and above-ground biomass for corn crops in all 4 locations. Also the time series of ob servation and simulation (e.g. LAI, biomass) created for the calibration and validation processes were tested statistically, and the average correlation coefficients for the Pearson and Spearman's rank tests were 0.93 and 0.91, respectively. Accelerated plant development re sulting in hastened maturation for first-crop corn may be expected as a consequence of temperature rise. In the process of simulated climate change, the LAIs decrease by 15%, and growing period is becoming shorter (by about 14 d) compared with the RF period under potential conditions (Fig. 13) . As a consequence of the projected climate change trends described above, total biomass and grain yield of first-crop corn are predicted to decrease by about 13 and 7%, respectively.
As evident from the trends in drought characteristics, the future drought events over Turkey will be more frequent. This means a tendency towards an increase in shortage of water resource (40% reduction in amount of irrigation water applied under potential production conditions) and therefore less water availability for irrigated agriculture. As we as sumed that farmers may react differently to water shortage, we tested some commonly used deficit irrigation applications such as using water-saving irrigation techniques, re ducing the amount and increasing the The same length of growing period would also be expected with reduced irrigation application for the first-crop corn; however, expected re ductions for the LAI and yield (Fig. 13) rose by up to 28 and 58%, respectively, under deficit irrigation conditions. Statistical analysis showed that projected reductions in yield are significant, and crop growth in the future will be much more sensitive to changes in both climate and water stress.
Our simulations indicate that second-crop corn may suffer from climate change-induced high temperatures resulting in shortened growing seasons: 30 d for potential and limited conditions (Fig. 13 ). Crops will experience reductions in leaf area, aboveground biomass and yield under both growing conditions (Fig. 13) . These reductions may exceed 40% under water-limited conditions, or may only be 20 to 30% if sufficient water for crop growth is available. Under a deficit irrigation scenario, the coefficients of variations of simulated parameters for the RF period are smaller than those for the A2 period (data not presented), indicating that corn is sensitive to water stress.
DISCUSSION
In the present study, we analyzed results of RegCM3 projections of changes in temperature and precipitation for Turkey. We assessed the possible changes in droughts under projected climate conditions and the re lationship between climate and agricultural productivity by using a crop growth model to determine the effect of projected climate on corn growth and yield in a typical Mediterranean agricultural region in Turkey.
Although daily difference (considering the total annual precipitation) revealed an adequate representation by the model, seasonal precipitation and temperatures were harder to reproduce using the model (Table 5) . Krichak et al. (2011) revealed that topography and coastal characteristics of the eastern Medi terranean also influenced the spatial distribution of precipitation patterns in the region, especially in the mountainous and immediate coastal areas, all of which can complicate the use of RCMs in this region. Similar biases for temperature and precipitation over the Mediterranean region including Turkey, ob tained from the simulation experiments by using RegCM3 forced by the fvGCM (e.g. Krichak et al. 2007 , Önol & Semazzi 2009 ) as well as by using different regional climate models with various initial and boundary conditions, have been reported previously (e.g. Demir et al. 2008 , Gao & Giorgi 2008 , Gianna kopoulos et al. 2010 . Reasonably good correlations be tween drought indices calculated based on the simulated (RegCM3-ERA40) and observed climate para meters were obtained; deviations could be re lated to the over-and underestimation of the precipitation and maximum temperature for some areas by the RegCM3.
Results of our simulation experiment confirm earlier projections (Gao & Giorgi 2008 , Önol & Semazzi 2009 ) on notable climate change signals over Turkey in the late 21st century. Our simulation results confirm findings by Gao & Giorgi (2008) and Önol & Semazzi (2009) that the western region of Turkish cities may experience more frequent heat waves in the future. On an annual basis, our RegCM3 experimental results show widespread precipitation decreases (20 to 40%) throughout the country except for the north Black Sea coast, which are in line with previous findings from other researchers (Gao et al. 2006 , Demir et al. 2008 , Gao & Giorgi 2008 , Giorgi & Lionello 2008 , Önol & Semazzi 2009 , Krichak et al. 2011 . Projected increases in minimum temperatures during the winter over eastern Anatolia will probably affect snow conditions over the mountains. Similarly, Önol & Semazzi (2009) inferred that the increase in interseasonal temperature differences, of around 4°C, could significantly shift the timing of the transition between the seasons.
Global warming is not only associated with a rise in air temperature near the surface, but also enhances drying near the surface. The increased risk of drought duration, severity and extent is a direct consequence (Trenberth et al. 2003) , and previous theoretical expectations are now being realized in various parts of the world (Dai et al. 2004 , Nicholls 2004 including Turkey (e.g. Türkeş 2003 , Sensoy et al. 2008 , Topcu et al. 2010 , Deniz et al. 2011 ). According to our drought analysis, particularly severe drought conditions are expected in the western Mediterranean and Aegean regions, although other regions of the country will also face more frequent, intense and long-lasting droughts. This affects most agricultural production areas including central Anatolia (an im portant wheat production area for Turkey), the Medi terranean (mainly corn and citrus products), southeastern Anatolia (cotton and cereals) and the Aegean (fruit trees, cotton, corn) regions. As a consequence of meteorological and hydrological droughts, shortages in water resources and losses in crop yields can be expected. In terms of Erinç's (1965) aridity classification, the major cultivable areas of the country under consideration exhibit a climate regime shift, which also implies a shift in potential vegetation cover by the end of the 21st century. Notably, both wet and drought conditions may occur more often in the Marmara region.
In the Mediterranean countries including Turkey, cereal yields are limited by low water availability, restricted rainfall, high evapotranspiration, heat stress and the short duration of the grain-filling pe riod, which makes irrigation important for crop production (Alexandrov & Hoogenboom 2000 , Olesen & Bindi 2002 . Predicted increases in evapotranspiration and reduction in total rainfall associated with climate change may lead to significant increases in crop evapotranspiration and irrigation in some parts of the Mediterranean region (e.g. Rodríguez Díaz et al. 2007 , Topcu et al. 2008 ). According to our results, corn yields are projected to decrease, and growing seasons are predicted to be shortened due to high temperatures and water stress. In accordance with our results, Brown & Rosenberg (1999) found that the potential productivity of maize in the USA was negatively influenced by the increasing temperature, and yields decreased by as much as 70% below the baseline (1961−1990) when global mean temperatures increased by 5°C. Yano et al. (2007) identified a shortening of the corn-growing season by about 9 d without a CO 2 fertilisation effect. Like climate models, using crop models also brings some uncertainties and limitations. Although WOFOST enables crop growth simulation under limited conditions including water and nutrient deficits, the effects of pests and diseases, salinity and combined effects of all limiting factors that are also influenced by climate change cannot be taken into account.
CONCLUSIONS
Turkey is a country of particular vulnerability to environmental challenges including climate change. The country is highly dependent on agriculture, since agriculture accounts for 27% of employment and 9% of the gross domestic product. Furthermore, around one-third of the country's population lives in rural areas. Agriculture consumes 75 and 30% of total and renewable water resources, respectively, although with low efficiency. While the annual per capita water availability was 1430 m 3 in 2008, based on the 2008 population figure of about 72 million, availability is estimated to decline to 1000 m 3 per capita per year by 2030 for an expected population of 100 million, which means the country will experience a 'water scarcity'. Hence, alterations to precipitation and temperature, including the statistical likelihoods of extremes such as drought, are of major importance. Recent analysis has already revealed increasing trends of droughts and related crop failures in many parts of the country. Future vulner ability, however, will depend not only on climate change but also on de velopment plans, so that appropriate strategies followed by sustainable development can reduce vulnerability to climate change. Therefore, analysing past and future climate patterns can shed light on the range of climate possibilities for the country and result in more informed management decision making.
The results presented herein were obtained in a climate change simulation experiment that used the RegCM3 model configured for its application over a relatively small domain covering Turkey and adjacent areas to downscale results of a global climate change simulation experiment for 2 time periods (1961− 1990 and 2071−2100) . The model was performed in accordance with the A2 greenhouse gases emission scenario, by using a 'state of the science' atmosphere− ocean global climate model fvGCM from NASA. Taking into account the above limitations and associated uncertainties, our results warrant further research, not only on climate change projections that use different climate models and scena rios, but also on effects of climate change on water resources as well as water availability for rain-fed and irrigated agriculture, and as a consequence for agricultural production. Flows of Turkish rivers have decreased significantly during the last decades in already water-stressed regions in Turkey. The Euphrates and Tigris rivers constitute almost onethird of the water potential in the country and discharges from these rivers largely come from snowmelt. Hence, increases in winter temperatures and decreases in precipitation can alter the season for snowmelt, and subsequently the discharge of the rivers and water availability for the countries downstream. Also, other highly vulnerable regions like the Aegean (including Gediz, Büyük Menderes and Küçük Mende res river basins) and Mediterranean (including Seyhan and Ceyhan river basins) are expected to face increased risks of summer water shortages and consequently crop failure in the future.
While the above-mentioned basins are generally important for crop production under irrigation, rainfed agriculture in the central Anatolia region (the Konya closed basin) is also projected to be significantly affected by the precipitation decreases during the winter and during severe droughts. We used different drought indices as indicators to detect potential effects of climate change; however, a runoffbased drought index like the Standardized Runoff Index (SRI) could provide more relevant indications of drought and also help to assess associated risks for irrigated agriculture. 
